Some intracranial chordomas are known to have frequent recurrence in their clinical course. The biological features regulating recurrence of intracranial chordomas has not been elucidated. We studied the proliferative potentials of chordomas with an immunohistochemical staining method using anti-Ki-67 antibody, MIB-1, together with an immunohistochemical examination on the expression of p53 protein. The correlation among MIB-1 staining indices, the immunoreactivities of p53 protein and clinical courses of intracranial chordomas was analyzed retrospectively, and the statistically significant correlation between MIB-1 stain-ing index (SI) and recurrence has been clarified. The mean MIB-1 SI of recurrent tumors was 10.2%, which was higher than that of non-recurrent tumors (2.8%). The p53 immunopositivity correlated well with recurrence and high MIB-1 SI. Literature review also showed the importance of MIB-1 SI and p53 overexpression in extracranial chordomas. In conclusion, both the examination on proliferative potentials of chordomas using MIB-1 SI and the study on the immunoreactivity of p53 protein, are important for their biological and histopathological analyses and the prediction of future recurrence.
I. Introduction
Chordomas are usually slowly growing tumors arising from the remnants of notochordal tissues [2, 17] . They are most often located on the sacrococcygeal region, followed by spheno-occipital region, vertebral region, and other regions [7, 11, 16, 18, 31, 35] . Some of them have frequent recurrence and distant metastasis in the late stage of the disease [5, 10, 11, 13, 33, 35] , and finally cause death. Recurrence of chordomas is considered to be affected by various clinical, biological and histopathological factors.
Many investigators reported the difficulty of predicting distant metastasis on the basis of histological findings [4, 9, 18, 25, 35, 36] , although Chambers and Schwinn suggested a relationship between the metastasis and anaplastic histological features such as pleomorphism and hyperchromatism [5] , which are known to be common in chordomas [5, 10, 26, 30] . Many studies suggested the proliferative potentials of neoplasms to be essential for evaluating their biological features [8, 14, 19-22, 24, 29] , and thus, the proliferative potentials of chordomas should be elucidated with reference to the clinical course including tumor recurrence. Some reports on the clinical courses of intracranial chordomas have been published [11, 12, 31] , however, the clinical and biological factors of intracranial chordomas regulating their future recurrence have not been determined. In order to elucidate the Correspondence to: Akira Matsuno, M.D., Ph.D., Department of Neurosurgery, Teikyo University Ichihara Hospital, 3426-3 Anegasaki, Ichihara City, Chiba 299-0111, Japan. histopathological factors affecting the recurrence of intracranial chordomas, we studied the proliferative potential of intracranial chordomas immunohistochemically using anti-Ki-67 monoclonal antibody, MIB-1 [23] . In addition, we studied the expression of p53 protein of intracranial chordomas immunohistochemically [23] . In this paper, based on the results of our studies, we discussed the proliferative potentials of intracranial chordomas and referred to those of extracranial chordomas.
II. Proliferative Potentials and Expression of p53 of Intracranial Chordomas with Consideration of Biological Tumor Progression: Our Experiences
From March 1986 to November 1995, we treated surgically 17 tumors from 10 patients with intracranial chordoma. They were comprised of tumors from 5 male and 5 female patients with an average age of 39.9 years. Among these 17 tumors, there were 10 recurrent tumors (58.8%). The clinical courses of all the patients had been followed for more than two and a half years. In patients with recurrent tumors, tumor specimens obtained during the initial surgery, if available, as well as those obtained during the surgery for recurrent tumors were analyzed.
The clinical profile of each patient, including age and sex of the patient and location and therapeutic modalities of the tumor, is summarized in Table 1 . In this paper, the word 'recurrence' is used when the follow-up radiological examination revealed the development of a tumor which had been removed totally or subtotally during prior surgery. The word 'regrowth' is used when the enlargement of the tumor which had been removed partially during the prior surgery was shown on the follow-up radiological examination.
Histopathological findings on hematoxylin-eosin staining
Paraffin sections of surgically obtained materials were stained with hematoxylin-eosin. Neoplastic areas were delineated and served for histopathological diagnosis as chordomas. Of 17 tumors, 9 were typical physaliferous chordomas, 7 were physaliferous chordomas having chondroid components, and 1 tumor was a chondroid chordoma (Table 1) . Nine typical physaliferous chordomas included 5 recurrent and 4 non-recurrent tumors. Seven physaliferous chordomas having chondroid components were comprised of 5 recurrent and 2 non-recurrent tumors. One chondroid chordoma did not show future recurrence (Table 1 ). There was no significant relationship between histopathological diagnosis and tumor recurrence. Nuclear atypia, pleomorphism and hyperchromatism were observed in both recurrent and non-recurrent tumors.
MIB-1 and p53 immunohistochemical staining
Recently, anti-Ki-67 monoclonal antibody, MIB-1, has become available for the retrospective analysis of tumor proliferative potentials using routinely processed paraffin sections [3] . Details of MIB-1 and p53 immunohistochemistry are described in our previous report [23] . Briefly, after deparaffinization, rehydration, and blockage of endogenous peroxidase activity with 0.3% H 2 O 2 in methanol, 4 mm paraffin sections were dipped in 0.01 M citrate pH 6.0, and Ki-67 antigen was retrieved with microwave irradiation for 30 min (10 times for 3 min). After pretreatment with normal goat sera, they were immunostained with commercially available anti-Ki-67 monoclonal antibody, MIB-1 (mouse, diluted 1:100 in bovine serum albumin (BSA)-phosphate buffered saline pH 7.4 (PBS)) (Immunotech S.A., Marseille, France), at room temperature for 1 hr. For the immunohistochemical staining of p53 protein, two anti-p53 monoclonal antibodies (DO-1 (mouse, not diluted, Immunotech S.A., Marseille, France) and PAb1801 (mouse, diluted 1:50 in BSA-PBS, Novocastra Laboratories, Newcastle, UK)) were used, and cells positively stained with both the antibodies were interpreted as p53 immunopositive cells. Biotinylated antibody against mouse immunoglobulin (IgG) (goat, Vectastain; Vector Laboratories Inc., Burlingame, Ca., USA) was applied as the secondary antibody for 30 min. Immunoreactions were followed by streptavidin and biotin complex (ABC) labeled with horseradish peroxidase using Vectastain's ABC kit (Vector Laboratories Inc., Burlingame, Ca., USA) for 30 min, and developed with freshly prepared 3,3'-diaminobendizine tetrahydrochloride dissolved in 0.05 M Tris-HCl pH 7.6 and 0.017% H2O2 for 7 min. Nuclear staining was carried out with hematoxylin. For a positive control study of MIB-1 histochemistry, a brain metastatic tissue of colon cancer was used, and for positive control studies of p53 immunohistochemistry, a gastric cancer tissue, which had already been proven to be immunopositive for p53 protein, was used. For a negative control study, normal murine serum was substituted for the primary antibody.
Under high power magnification (´400), the entire tissue sections were examined, and the number of cells positively stained with MIB-1 was counted in several representative fields containing more than 1,000 cells in total. The ratio of MIB-1 immunopositive cells/total cells was indicated as MIB-1 staining index (SI). In tumors of heterogeneous distribution of the MIB-1 immunopositive cells, the area containing the largest number of MIB-1 immunostained cells was regarded as the area representing the proliferative activity of the tumor. The mean MIB-1 SI and its standard deviation (SD) of each corresponding group were calculated and their correlation was analyzed with unpaired t-test (Student's t-test).
The extent of positivity of p53 protein, referring to an approximation of the number of positively immunostained cells, was graded on a four-point scale as follows: '-', negative or staining of less than 1% of the tumor cells; '+', staining of 1-10% of the tumor cells; '++', staining of 10-50% of the tumor cells; '+++', staining of more than 50% of the tumor cells.
MIB-1 SI and age and sex distribution (Table 1)
The mean MIB-1 SI of 8 tumors from 5 male patients with chordomas was 8.0% (SD 5.4), whereas that of 9 tumors from 5 female patients was 6.5% (SD 4.5). There was no statistically significant difference in these two groups (p>0.05). There was no significant correlation between patients' age and MIB-1 SI. (Table 1) The present series comprised 8 parasellar, 4 suprasellar, 3 clival, 1 sphenoid sinus and 1 jugular foramen chordomas. Their mean MIB-1 staining indices were 8.3%, 8.4%, 2.5%, 9.7% and 5%, respectively. There was no apparent relationship between tumor location and MIB-1 SI.
MIB-1 SI and location of chordomas
Histopathological findings, recurrence, MIB-1 and p53 immunohistochemical staining (Fig. 1, Table 1 )
The representative HE stainings, MIB-1 and p53 immunohistochemical stainings of the recurrent (Tumor 9) and non-recurrent (Tumor 14) tumors are presented in Fig.  1 . Nuclear atypia, pleomorphism and hyperchromatism were observed both in a recurrent (Tumor 9, MIB-1 SI 12.4%, p53 immunopositive) tumor and in a non-recurrent (Tumor 14, MIB-1 SI 1.96%, p53 immunonegative) tumor. These histopathological findings, which generally suggest malignant characteristics of the tumor, were commonly noted in both recurrent and non-recurrent tumors, and were found to have no relationship with MIB-1 SI and p53 immunoreactivity.
MIB-1 SI and recurrence (Fig. 2, Table 1 )
The mean MIB-1 SI of non-recurrent tumors was 2.8% (SD 2.3), whereas that of all the recurrent tumors was 10.2% (SD 3.7) ( Fig. 2 ). There was a statistically significant difference in these two groups (p=0.0003). One of recurrent chordomas has a MIB-1 SI as high as 16.2% (Table 1) . Confined to the initial tumors of recurrent chordomas, their mean MIB-1 SI was 11.2% (SD 2.1), which was statistically significantly higher than that of non-recurrent chordomas (2.8% (SD 2.3)) (p=0.0021) (Fig. 2) . Sex: F=female, M=male, RAD: radiotherapy Rec: 0=non-recurrent tumor, 1=recurrent tumor, initial surgery, 2=recurrent tumor, second recurrence, 3=recurrent tumor, third recurrence, 4=recurrent tumor, fourth recurrence, 5=recurrent tumor, fifth recurrence M: months, SD: standard deviation p53: '-', negative or staining of less than 1% of the tumor cells; '+', staining of 1-10% of the tumor cells; '++', staining of 10-50% of the tumor cells; '+++', staining of more than 50% of the tumor cells. The expression of p53 protein and its correlation with MIB-1 SI (Fig. 3, Table 1 ) All the non-recurrent tumors showed p53 negative immunoreactivity, whereas 9 out of 10 recurrent tumors showed positive immunoreaction for p53 protein. p53 protein was immunostained in chordomas with MIB-1 SI higher than 6%, except for a single tumor ( Table 1 ). The mean MIB-1 staining indices of p53 immunonegative and immunopositive tumors were 3.1% (SD 2.6) and 10.7% (SD 3.6), respectively ( Fig. 3 ). There was a statistically significant difference in these two groups (p=0.0003).
III. Discussion on Proliferative Potentials of Intracranial Chordomas: Our Experiences
The present studies on proliferative potentials of chordomas using MIB-1 SI have shown that there is a statistically significant correlation between MIB-1 SI and recurrence. There was no difference in the therapeutic modalities between the recurrent and the non-recurrent chordomas. Therefore, chordomas with high MIB-1 SI can be predicted to recur in the future, even though they are extirpated macroscopically during surgery. The major factor influencing the recurrence of a chordoma is supposed to be its proliferative potentials represented by MIB-1 SI. Karamitopoulou et al. studied MIB-1 SI in various central nervous system tumors [21] . Based on their assessment, recurrent chordomas have higher MIB-1 SI than astrocytomas (2.03±2.03), and some of them may have a MIB-1 SI equivalent to anaplastic astrocytomas (12.8±6.29). Thus the proliferative potentials of some intracranial chordomas may possibly be identical to those of anaplastic astrocytomas.
As to histopathological findings of intracranial chordomas, many investigators reported the anaplastic histological features such as nuclear atypia, pleomorphism and hyperchromatism were common in chordomas [5, 10, 26, 30] . A previous report stated that the chondroid variant chordoma had a significantly more favorable outlook than the typical physaliferous chordoma [17] . In our series of 17 tumors, 9 were typical physaliferous chordomas (5 recurrent and 4 non-recurrent tumors), 7 were physaliferous chordomas having chondroid components (5 recurrent and 2 non-recurrent tumors), and 1 tumor was a chondroid chordoma that did not show future recurrence. There was no significant relationship between histopathological diagnosis and tumor recurrence. Nuclear atypia, pleomorphism and hyperchromatism were commonly noted in both recurrent and non-recurrent tumors, and were found to have no relationship with MIB-1 SI and p53 immunoreactivity. Therefore, from our studies, histopathological diagnosis and anaplastic histological features are considered not to be correlated with tumor recurrence of intracranial chordomas. The analyses on proliferative potentials using MIB-1 SI seem to be useful in , respectively. There was a statistically significant difference in these two groups (p=0.0003). Confined to the initial tumors of recurrent chordomas, their mean MIB-1 SI was 11.2% (SD 2.1), which was statistically significantly higher than that of non-recurrent chordomas (p=0.0021). Mean values±SDs were indicated on the figure.   Fig. 3 . Correlation with MIB-1 SI and p53 immunoreactivity. p53 was positively immunostained in chordomas with MIB-1 SI higher than 6 %, except for a single tumor. All the non-recurrent tumors showed p53 negative immunoreactivity, while 9 out of 10 recurrent tumors showed positive immunoreaction. The mean MIB-1 staining indices of p53 immunonegative and immunopositive tumors were 3.1% (SD 2.6) and 10.7% (SD 3.6), respectively. There was a statistically significant difference in these two groups (p=0.0003). Mean values±SDs were indicated on the figure. predicting the future recurrence of intracranial chordoma. Examination of proliferative potentials of chordomas using MIB-1 SI is important for their biological and histopathological analyses and the prediction of future recurrence. Anti-p53 antibodies used in this study can recognize both wild and aberrant types of p53 protein. Wild type p53 protein has been shown by recent investigations to be involved in negative regulation of cell proliferation; it induces p21 protein, which combines with the complex of cyclin and cyclin-dependent kinase (cdk) at the G 1 phase and prevents a cell from entry into the S phase [37] , whereas aberrant p53 protein has lost this negative regulation of cell growth. Wild type p53 protein, which has a very short half-life of only 20 min, has generally been considered to be undetectable with an immunohistochemical method using anti-p53 antibody. According to the recent reports, wild type p53 protein may be accumulated in the nucleoli due to the defective ubiquitin pathway [6] . Aberrant p53 protein, which forms stable complexes with heat shock protein (hsp) 70 and some other proteins, has a longer half-life of several hours and thus is visible with an immunohistochemical method [15, 38] . Therefore, although it cannot be determined whether the p53 immunopositive chordomas in the present study express aberrant p53 protein or may have accumulated wild type p53 protein, statistical analyses showed that p53 protein was immunostained in chordomas with high MIB-1 SI and in recurrent chordomas, and demonstrated the close relationship among p53 immunoreactivity, MIB-1 SI, and recurrence.
IV. Proliferative Potentials of Extracranial Chordomas
Naka et al. analyzed proliferative potentials of 17 chordomas including 12 primary, 4 recurrent, and 1 metastatic lesions with anatomical distribution of 6 base of skull, 2 cervical spine, and 8 sacrum, and 1 thigh (metastasis from base of skull) [27] . Focusing on the histopathological morphology, they subclassified 17 specimens with chordoma into two groups (ie, trabecular type showing trabecular patterns and solid type mainly consisting of a diffuse proliferation of tumor cells), and assigned them to histological grading according to the degree of nuclear atypia on a scale of 1 to 3. They also estimated the proliferative activities using DNA flow cytometric and immunohistochemical techniques, indicated as the proliferative index (% S+G2+M phase) and the MIB-1 SI, together with the overexpression of p53 protein, which was determined immunohistochemically if the tissues contained more than 5% of tumor cells exhibiting a positive immunoreaction. They found some correlation partly between anaplastic histological features, including either diffuse proliferation or high grade nuclear atypia, and the proliferative index, the MIB-1 SI or p53 overexpression. They considered that the preceding anaplastic histological features, including either diffuse proliferation or high grade nuclear atypia, together with p53 overexpression, were thus closely related to the proliferative activities in chordomas.
Bergh P et al. analyzed the prognostic factors in chordoma of the 30 sacral and 9 mobile spine occurring in 22 women and 17 men (median age, 55 years), with the mean follow-up of 8.1 years, ranging from 0.1 to 23 years [1] . Seventeen patients (44%) developed local recurrences and 11 patients (28%) developed metastasis. Twenty-seven tumors had low MIB-1 SI (<1%), 4 tumors had a moderate degree of MIB-1 SI, and 7 tumors had a relatively high MIB-1 SI (>5%). The single case of dedifferentiated chordoma had 40% MIB-1 SI. They concluded that the only two histologically assessed features found to be prognostically significant were microscopic tumor necrosis and MIB-1 SI >5%. The other features such as cellularity, pleomorphism, number of spindle cells, predominance of physaliferous or epitheliod tumor cells, mitotic rate and necrosis were found to have little correlation with the clinical course.
Saito et al. reported on a 50-year-old male with a recurrent dedifferentiated chordoma, i.e. chordoma with a sarcomatous component, in the sacrococcygeal region [32] . The recurrent tumor showed features of pleomorphic cell sarcoma, which was proven to be a dedifferentiated chordoma. In the pleomorphic sarcomatous area, many mitotic figures were seen, and the MIB-1 SI was greater than 40%. Nishigaya et al. reported an intradural retroclival extraosseous chordoma, which showed no tumor regrowth 5 years after operation [28] . MIB-1 SI of this tumor was 1.89%, and this MIB-1 SI was comparable to the mean MIB-1 SI of non-recurrent tumors in our studies (2.8%).
Stefanou et al. evaluated p53/MDM-2 protein overexpression and MIB-1 SI in different subtypes of human sarcomas, and their correlation with proliferative activity and patient outcome [34] . They analyzed 40 human sarcomas comprising 6 malignant fibrous histiocytomas, 1 fibrosarcoma, 1 dermatofibrosarcoma protuberans, 5 liposarcomas, 9 leiomyosarcomas, 1 rhabdomyosarcoma, 3 synovial sarcomas, 2 osteosarcomas, 1 chondrosarcoma, 4 Ewing's sarcomas, 2 Kaposi's sarcomas, 1 malignant haemangiopericytoma, 1 phylloides cystosarcoma, 1 neuroblastoma, 1 chordoma and 1 unclassified sarcoma. They found that p53 overexpression was associated with high tumor grade (p<0.05) and MIB-1 SI was correlated with reduced survival (p<0.05), but p53 overexpression was not significantly associated with either MIB-1 SI or with overall survival of the patients.
From these studies, the proliferative potentials of extracranial chordomas represented by MIB-1 SI and p53 overexpression are suggested to be closely related to their clinical courses, including recurrence and metastasis. Some investigators reported that histological findings such as sarcomatous changes, microscopic necrosis, diffuse proliferation and high grade nuclear atypia also have a relationship with the proliferative activities of chordomas.
V. Conclusion
In conclusion, recurrence of intracranial and extracranial chordoma are closely related to the proliferative potentials represented by MIB-1 SI and p53 overexpression. Both the examination on proliferative potentials of chordomas using MIB-1 SI and the study on the immunoreactivity of p53 protein are important for their biological and histopathological analyses and the prediction of future recurrence.
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